Mannosylerythritol lipids (MELs) are glycolipid biosurfactants excreted by fungal strains. They show not only excellent surface-active properties but also versatile biochemical actions. Ustilago scitaminea NBRC 32730 has been reported mainly to produce a monoacetylated and di-acylated MEL, MEL-B, from sucrose as sole carbon source. In order to make biosurfactant production more efficient, we focused our attention on the use of sugarcane juice, one of the most economical resources. The fungal strain produced MEL-B at the yield of 12.7 g/L from only sugarcane juice containing 22.4% w/w sugars. Supplementation with organic (yeast extract, peptone, and urea) and inorganic (sodium nitrate and ammonium nitrate) nitrogen sources markedly enhanced the production yield. Of the nitrogen sources, urea gave the best yield. Under optimum conditions, the strain produced 25.1 g/L of MEL-B from the juice (19.3% sugars) supplemented with 1 g/L of urea in a jar fermenter at 25 C over 7 d. The critical micelle concentration (CMC) and the surface-tension at the CMC for the present MEL-B were 3:7 Â 10 À6 M and 25.2 mN/m respectively. On water-penetration scan, the biosurfactant efficiently formed the lamella phase (L ) and myelins over a wide range of concentrations, indicating excellent surface-active and self-assembling properties. More significantly, the biosurfactant showed a ceramide-like skin-care property in a three-dimensional cultured human skin model. Thus, sugarcane juice is likely to be effective in glycolipid production by U. scitaminea NBRC 32730, and should facilitate the application of MELs.
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Key words: glycolipid; mannosylerythritol lipid; biosurfactant; sugarcane; Ustilago scitaminea Biosurfactants (BSs) are surface-active compounds produced by various microorganisms. They have attracted considerable interest in recent years due to their unique properties (e.g., biodegradability, mild production conditions, and multi-functionality). 1, 2) Mannosylerythritol lipids (MELs) are one of the most promising groups of glycolipid BSs consisting of 4-O--D-mannopyranosyl-meso-erythritol as the hydrophilic moiety and fatty acid and/or acetyl groups as the hydrophobic moiety (Fig. 1) . [3] [4] [5] They show not only excellent surface-active 6) and self-assembling properties, [7] [8] [9] but also versatile biochemical actions, including antitumor and cell differentiation activities with respect to human leukemia, 10) rat pheochromocytoma, 11) and mouse melanoma cells. 12) Recently, we found that MEL-A shows ceramide-like skin care 13) and hair care 14) properties, and we aim to expand the commercial applications. In addition, they show high binding affinity toward various glycoproteins, including immunoglobulins 15) and lectins. 16) The yeast strains of the genus Pseudozyma produce various MELs, and the production pattern generally depends on the producer. For example, P. antarctica mainly produces MEL-A together with MEL-B and MEL-C as minor components. 17) P. rugulosa, P. aphidis, and P. parantarctica are also MEL-A producers. [18] [19] [20] Ustilago scitaminea mainly produces MEL-B, 21) while P. tsukubaensis forms the diastereomer of MEL-B. 22 ) P. graminicola, P. hubeiensis, P. shanxiensis, and P. siamensis mainly produce MEL-C. [23] [24] [25] [26] These strains show high production of MELs when vegetable oils are used as sole carbon source. However, the use of vegetable oils often makes the production and recovery processes very complicated, 27) and a complicated separation process for MELs is inevitable due to co-existing residual oils and their breakdown products. On the other hand, we have reported that the use of water-soluble carbon sources such as glucose and glycerol is very advantageous in improving the largescale production of MELs due to negligible amounts of these by-products. 27, 28) Recently, we found that a sugarcane smut fungus, U. scitaminea NBRC 32730, mainly produces MEL-B from various sugars as sole carbon source. 29) Among the sugars tested, strain NBRC 32730 gave the best yield of MEL-B when grown on sucrose. In addition, the strain allowed us easily to obtain MEL-B of high purity solely y To whom correspondence should be addressed. Fax: +81-29-861-4660; E-mail: dai-kitamoto@aist.go.jp by solvent extraction from the culture medium. Aiming to make the biosurfactant production more efficiently, we focused our attention on the use of sugarcane juice, which is composed mainly of sucrose at high concentration, and is one of the most economic resources for microbial processes.
In this study, we investigated the production of MEL-B by strain NBRC 32730 using sugarcane juice as the main nutrient source. Then, we examined the surfaceactive and self-assembling properties of the MEL-B obtained. We also evaluated the biochemical action of the glycolipid biosurfactant toward the cultured human skin cells, considering its application as a skin-care material. This is the first report on efficient production of a glycolipid biosurfactant directly from sugarcane juice.
Materials and Methods
Fungal strain and growth medium. U. scitaminea NBRC 32730 was purchased from the National Institute of Technology and Evaluation of Japan (Chiba, Japan). Stock cultures were cultivated for 3 d at 25 C on a YM-plate medium containing 1% glucose, 0.5% peptone, 0.3% yeast extract, 0.3% malt extract, and 3.0% agar. They were stored at 4 C and renewed every 14 d.
Preparation of sugarcane juice. Sugarcane juice was prepared from sugarcane plants cultivated at the farm of the Okinawa Prefectural Agricultural Research Center of Japan (Okinawa).
30) The sugarcane juice prepared was centrifuged at 3;000 Â g for 20 min to remove small particles and other solid materials, and was then used in the production of MEL-B. Nutrient analysis of the juice was performed by Japan Food Research Laboratories (Tokyo) ( Table 1) .
Media preparation and culture conditions. Seed cultures were prepared by inoculating cells grown on slants into test tubes containing the YM medium at 25 C on a reciprocal shaker at 200 strokes/min for 2 d. Seed cultures (0.1 mL) were transferred to 100-mL Erlenmeyer flasks containing 10 mL of the above sugarcane juice, and then incubated at 25 C on a rotary shaker (200 rpm) for 7 d, unless otherwise indicated. In the case of the jar fermenter (1.5 L), seed cultures (35 mL) were inoculated into 700 mL of sugarcane juice supplemented with 1 g/L of urea, and then cultivated at 25 C, 600 rpm, 0.5 vvm of aeration, unless otherwise indicated.
Isolation of MEL-B. After cultivation, the MEL-B that accumulated in the culture medium was extracted with an equal amount of ethyl acetate. The solvent extracts were analyzed by thin-layer chromatography (TLC) on silica plates (Silica gel 60F; Wako, Osaka, Japan) by a solvent system consisting of chloroform/methanol/7N ammonia solution (65:15:2 by volume). The compounds on the plates were located by charring at 110 C for 5 min after spraying the anthrone/sulfuric reagent, as previously described. 17) A purified MEL fraction containing MEL-A, MEL-B, and MEL-C was prepared as previously described, 19) and was used as a standard in subsequent experiments.
Quantification of MEL-B by high-performance liquid chromatography (HPLC). Quantification of MEL-B in the culture medium was carried out by HPLC on a silica gel column (Inertsil SIL 100A 5 mm, 4:6 Â 250 mm; GL Science, Tokyo) with a low-temperature evaporative light scattering detector (ELSD-LT; Shimadzu, Kyoto, Japan) using a gradient solvent program consisting of various proportions of chloroform and methanol (from 100:0 to 0:100, v/v) at a flow rate of 1 mL/min.
31) The HPLC analysis was based on a standard curve using the purified MEL fraction, as reported previously. 19) Quantification of sugars by HPLC. Quantification of the sugars in the culture medium was carried out by HPLC on a SUGAR SH1011 column (Shodex; Shoko, Tokyo) with a differential refractive index detector (RI-8020) using water as the solvent at a flow rate of 1 mL/min at 80 C.
Purification of MEL-B.
The ethyl acetate fraction was separated and evaporated. The concentrated glycolipids were dissolved in chloroform and then purified by silica gel (Wako-gel C-200; Wako, Osaka, Japan) column chromatography using a gradient elution of chloroform/ acetone (10:0 to 0:10, v/v) mixtures as solvent systems.
19) The purified MEL-B was used in subsequent experiments.
Structural analysis of MEL-B. The structure of the purified MEL-B was confirmed by 1 H and 13 C nuclear magnetic resonance (NMR) with a Varian INOVA 400 (400 MHz) at 30 C using the CDCl 3 solution. The chemical shifts of the hydrophilic moiety of the glycolipid were as follows: mannose H-1 0 peak at 4.74 ppm (s), H-2 0 peak at 5.50 ppm (s), H-3 0 peak at 4.93 ppm (d), H-4 0 peak at 3.56-3.86 ppm (m), H-5 0 peak at 3.56-3.86 ppm (m), H-6 0 peaks at 4.44 ppm (s), erythritol H-1 peaks at 3.56-3.86 ppm (m), H-2 peak at 3.56-3.86 ppm (m), H-3 peaks at 3.60-3.85 ppm (m), H-4a peaks at 3.56-3.86 ppm (m), and H-4b peaks at 3.99 ppm (t). The acetyl group (-CH 3 , at the C-6 0 position of mannose) peak was at 2.13 (s).
The molecular weight of the purified MEL-B was measured by matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF/MS) (Voyager-DE PRO; Applied Biosystems, Carlsbad, CA) with an -cyano-4-hydroxycinnamic acid matrix. On this analysis, the glycolipid showed one main peak of 657, ½M þ Na þ , corresponding to molecular weight of 634.0.
The fatty-acid profile of the purified MEL-B was examined mainly by method described previously. 19) The methyl ester derivatives of the fatty acids were prepared by mixing the MEL-B (10 mg) purified as above with 5% HCl-methanol reagent (1 mL). After the reaction was quenched with water (1 mL), the methyl ester derivatives were extracted with n-hexane and then analyzed by gas chromatographymass spectrometry (GC-MS) (Hewlett Packard 6890 and 5973N; Agilent Technologies, Tokyo) with a TC-WAX (GL Science, Tokyo) with the temperature programmed from 90 C (held for 3 min) to 240 C at 5 C/min.
Determination of surface tension. The surface tension of the purified MEL-B was determined by the Whilhelmy method 32) at 25 C using an apparatus consisting of a Whilhelmy-type tensionmeter (CBVP-A3; Kyowa Interface Science, Saitama, Japan). 
Water-penetration scan technique. To examine the lyotropic-liquidcrystalline phase behavior of the purified MEL-B, the water-penetration scan technique was used, as reported previously. 8) A polarized optical microscope (Eclipse E-600; Nikon, Tokyo) with crossedpolarizing filters equipped with a charge-coupled-device camera (DS-SM; Nikon) was used for the scan. Birefringent textures from the optical microscopy made possible assignment of the particular lyotropic phase types to the samples.
Evaluation of the skin-care properties of MEL-B. The skin-care properties of the purified MEL-B were evaluated using a threedimensional (3D) cultured human skin model, TESTSKINÔ (Toyobo, Osaka, Japan) on the basis of cell viability.
13) SDS solution (1 wt %) was applied to the cell surface and incubated for 5 min at 37 C in order to induce dry-skin conditions. After washing out the SDS solution with fresh culture medium (1 mL), an olive oil fraction (50 mL) containing various concentrations of the glycolipid was applied, and then the cells were incubated for 24 h at 37 C. Ceramide III (94.4% purity) was purchased from Evonik Industries (Essen, Germany), and was used as positive control. The viability of cells was colorimetrically determined using an MTT Assay Kit (Nacalai Tesque, Kyoto, Japan). Cells cultured without SDS treatment were used as an untreated control.
Results

Production of MEL-B from sugarcane juice
The sugarcane juice we used consisted of 22.4% w/w carbohydrates (Table 1) , and the main carbohydrate was sucrose (over 90%); glucose and fructose were minor components (less than 10%). In our previous study, U. scitaminea NBRC 32730 efficiently produced MEL-B from the culture medium containing 15% of sucrose. 29) Hence, the strain was examined for glycolipid production using the juice directly without dilution (Fig. 2) .
The amount of MEL-B in the culture medium reached 12.7 g/L after 8 d of incubation at 25 C. The sucrose was immediately degraded into glucose and fructose. The glucose was almost entirely consumed in 8 d, while the fructose remained at high levels till 8 d. The dry cell weight increased with incubation time, and reached 11.3 g/L after 8 d. Erythritol also accumulated in the medium at 47.1 g/L. Thus, we confirmed that the sugarcane juice we used should be an effective resource for the production of MEL-B by strain NBRC 32730.
Factors affecting the production of MEL-B from sugarcane juice
Based on nutrient analysis of the sugarcane juice we used (Table 1) , the amount of nitrogen was estimated to be approximately 0.016% w/w. This value is markedly lower than that of the MEL production medium containing 0.3% w/w of NaNO 3 previously used for the strain. 29 ) Hence, we focused our attention on the effects of nitrogen sources on the production of MEL-B.
The sugarcane juice was supplemented with various organic and inorganic nitrogen sources at concentrations between 1 and 5 g/L, and was then used for glycolipid production (Fig. 3) . In the cases of yeast extract and peptone, the yields of MEL-B increased with increases in the nitrogen concentration up to 5 g/L. In the other cases, increases in the concentration over 1 g/L resulted in significant decreases in yield. Cells grew normally under large amounts of yeast extract and peptone, while increases in the concentrations of urea, NaNO 3 , and NH 4 NO 3 decreased the growth of cells. Consequently, the juice supplemented with 1 g/L of urea gave the best yield of MEL-B (20.0 g/L). Figure 4A illustrates the results for the production of MEL-B in batch culture using a 1.5-L jar fermenter. In batch culture with the juice (19.3% sugars) supplemented with 1 g/L of urea, the yield of MEL-B reached 25.1 g/L after 7 d; the yield coefficient was 0.13 g/g on a weight basis to the carbohydrate supplied. After the start of cultivation, the sucrose immediately degraded into glucose and fructose, and the glucose and fructose were consumed within 3 and 7 d respectively. The dry cell weight reached 19.5 g/L after 4 d of incubation and was stable thereafter. Erythritol was accumulated in the medium at 55.8 g/L.
Large-scale preparation of MEL-B with a jar fermenter
More importantly, the ethyl acetate extract from the culture medium of 7 d showed a single peak of MEL-B on HPLC analysis, and the purity was calculated to be over 99% (Fig. 4B) . Also, the extract provided a single spot corresponding to that of MEL-B on TLC analysis Cells of strain NBRC 32730 were grown in sugarcane juice supplemented with various nitrogen sources at 25 C for 7 d. MEL-B was extracted from the cultured medium using equal amounts of ethyl acetate and quantified by HPLC. Vertical bars show the standard error of the mean based on three independent measurements. N.S, no supplementation with a nitrogen source. N.D, no detected. (Fig. 4C) . Accordingly, the sugarcane juice supplemented with a small amount of nitrogen source should be useful for efficient production of the glycolipid, by simplifying the separation and purification processes.
Surface-active and self-assembling properties of MEL-B produced from sugarcane juice produced by U. scitaminea NBRC 32730
Based on structural analysis, the MEL-B produced from sugarcane juice was identical to the MEL-B previously produced from sucrose by strain NBRC 32730, 21) except for the fatty-acid profile. The main fatty acids in the MEL-B obtained were C8, C10, C12, and C14, regardless of supplementation with urea ( Table 2) .
The estimated critical micelle concentration (CMC) and surface tension at CMC (CMC) of the MEL-B obtained were 3:7 Â 10 À6 M and 25.2 mN/m respectively. On the other hand, those of the previous MEL-B were 3:7 Â 10 À6 M and 25.6 mN/m respectively. 21) On the two types of MEL-B, the slight difference in fatty acid composition is unlikely to have much effect on the surface-active properties.
We investigated tentatively the self-assemble properties of the MEL-B in aqueous solution by water penetration scan, as reported previously. Cells of strain NBRC 32730 were cultivated in 700 mL of sugarcane juice supplemented with urea (1 g/L) in a jar fermenter (1.5 L) at 25 C for 7 d (A). MEL-B was extracted from the cultured medium using equal amounts of ethyl acetate and quantified by HPLC (solid circle). The amounts of sugars were quantified by HPLC after filtration: sucrose (solid square), glucose (solid diamond), fructose (hollow square). After 7 d of cultivation, ethyl acetate extract from the culture medium showed a single peak corresponding to MEL-B on HPLC (B). The purified MELs (MEL-A, MEL-B, and MEL-C) were used as standard. The retention times (min) of the various peaks are given in parentheses. The extract also showed a single spot corresponding to MEL-B on TLC (C). The purified MELs (MEL-A, MEL-B, and MEL-C) were used as standard. wide range of concentrations. Thus, it showed excellent interfacial and self-assembling properties.
Skin-care properties of MEL-B from sugarcane juice Recently, we found that MEL-A produced from soybean oil showed ceramide-like skin care activity in a 3D cultured human skin model, 13) and speculated that the glycolipid readily penetrates into skin cells to provide a moisture retention barrier due to effective formation of lyotropic liquid crystals. Hence, the skincare properties of MEL-B were also evaluated, considering its excellent self-assembling property. Figure 6 indicates the relative viabilities of cultured skin cells treated with SDS. The viability of the cells treated with 1% and 5% w/w of the MEL-B obtained was 54.3% and 77.1% respectively. Cell viability under treatment with 0.1% and 1% w/w ceramide III was 67.9% and 87.9% respectively. Olive oil alone had little effect on the recovery of cell viability after SDS treatment. These results suggest that the MEL-B produced from the sugarcane juice also has potential skin care properties.
Discussion
In this study, we undertook production of MEL-B using sugarcane juice as sole carbon source by U. scitaminea NBRC 32730, which has been found to accumulate MEL-B, 4-O--(2 0 ,3 0 -di-O-alka(e)noyl-6 0 -O-acetyl-D-mannopyranosyl)-erythritol, from various sugars, including sucrose, glucose, and fructose. We found that the MEL-B obtained from the juice showed not only excellent surface-active and self-assembling properties but also potential skin-care properties.
In conventional MEL producers belonging to the genera Pseudozyma and Ustilago, vegetable oil is the best carbon source for glycolipid production, but the use of vegetable oil makes product recovery very complicated 27) because separation and purification of MELs from the residual oils and/or by-products is required. We have found that the use of water-soluble carbon sources such as sugars instead of vegetable oils significantly simplifies the separation process for MELs. 28, 33) Of the known MEL producers, P. antarctica JCM 10317 (a MEL-A producer), P. siamensis CBS9960 (a MEL-C producer), U. maydis NBRC 5346 (a MEL-A producer), and U. scitaminea NBRC 32730 (a MEL-B producer) produced MELs from watersoluble carbon sources. Among these producers, U. scitaminea NBRC 32730 showed the highest production yield with sucrose, 21, 29) the main component of sugarcane juice. Nevertheless, to the best of our knowledge, this is the first report on efficient production of MEL-B from sugarcane juice by U. scitaminea NBRC 32730.
In general, downstream processes such as product recovery and purification account for at least 60 to 70% of the total cost of microbial production systems. 33) In particular, purification processes using chromatography often cause significant loss of products. In this study, the MEL-B fraction obtained solely by solvent extraction from the culture medium showed high purity, of more than 99%, on HPLC analysis. This implies the dispensability of column chromatography. Therefore, the use of sugarcane juice in the production of MEL-B should make it possible to simplify the downstream process and to reduce production costs.
Sugarcane (Saccharum officinarum) is a high-biomass tropical crop containing 12 to 17% w/w total sugars; 90% w/w is sucrose and 10% w/w is glucose and/or fructose. Sugarcane juice normally has sufficient organic nutrients and minerals to make it suitable for ethanol fermentation by Saccharomyces cerevisiae in Brazil and India. 34) In Japan, sugarcane is one of the main feedstocks for the production of caloric sweeteners. It is grown in southernmost Japan, on small islands south of Kyushu, extending to Okinawa. The minimum price for sugarcane was 20,370 yen/ton in 2001, while the price of sugar was 151,800 yen/ton. 35) Hence, the use of sugarcane juice should decrease the production costs for MEL due to low resource costs and the advantages of a downstream process. Here we designed experiments leading to maximum production of MEL-B with sugarcane juice, and confirmed that the nitrogen source is a crucial factor in glycolipid production from the juice. Supplementation with urea markedly enhanced glycolipid production by strain NBRC 32730. Although yeast extract and peptone also had positive effects on production, these organic nutrients appear not to be cost-effective. From the practical point of view, replacement of urea with other effective and inexpensive supplements remains to be attained.
In this study, we also investigated the surface-active and self-assembling properties of MEL-B produced from sugarcane juice, aiming for a broad range of applications. Purified MEL-B exhibited CMC and CMC comparable to that of MEL-B produced from soybean oil by P. antarctica T-34. 6, 8) On water penetration scan, the MEL-B obtained immediately selfassembled to form lyotropic crystalline phases such as lamella (L ) and myelins. Efficient formation of liquid crystals in aqueous solution means that the MEL-B has great advantages for use in moisturizers, oil-in-watertype emulsifiers, and washing detergents. 36) Thus the MEL-B produced from sugarcane juice is likely to have great potential as a functional surfactant similar to conventional MELs produced from vegetable oils.
Here, the skin care properties of the MEL-B produced from sugarcane juice was also addressed. As expected, the MEL-B obtained showed sufficient recovery activity toward SDS-damaged human skin cells, although this activity was slightly lower than that of ceramide III as positive control. Additionally, sugarcane is known to contain functional materials. Glycol acid is a constituent of sugarcane juice and shows a therapeutic effect in the acceleration of epidermal turnover. 37) Anti-oxidative phenolic compounds have been also identified in uncentrifuged cane sugar. 38) Thus culture media containing MEL-B and functional compounds from sugarcane can be expected to show synergistic effect and to lead to new applications of biosurfactants.
